ABSTRACT: Transesterification mechanisms and rate in blends of polycarbonate (PC) and random liquid crystalline polyester copoly(oxybenzoate-p-terephthalate) at molar ratio 40/60 (P46) were studied through a five-component diad analysis and with 13 C and 1 H-13 C nuclear magnetic resonance spectroscopy. It was found that the ester-ester interchange in the two polymers took place within 15 min when the blend was annealed at 260°C in vacuum. In the annealed blend, the Bisphenol A unit in polycarbonate reacted first with the terephthalate unit and then with the oxybenzoate unit in copoly(oxybenzoate-pterephthalate). As the transesterification in the blend continued for about 1 h, the forming of diad Bisphenol A-oxybenzoate exceeded that of diad Bisphenol A-terephthalate. This large loss (57%) of the diad oxybenzoate-oxybenzoate caused the disappearance of the liquid crystalline phase in the blend. In sharp contrast to the originally immiscible blend of PC and P46 (two distinctive glass transition temperatures), the large loss of the liquid crystalline diad resulted in complete miscibility in the annealed blend, as evidenced by the appearance of a single glass transition temperature in the differential scanning calorimetry measurement.
Introduction
Thermotropic liquid crystalline polymers (TLCPs) had attracted a great deal of attention since their arrival. These TLCPs usually contained rigid molecular structures and therefore possessed unique properties such as low melt viscosity and high modulus in the oriented direction in the solid form. The major drawback for these materials in the market place is the high cost of the monomers. From a practical point of view, blending TLCPs with other flexible polymers can lower the blend's viscosity and form organic polymer composites in situ, as described by previous workers. [1] [2] [3] [4] [5] However, liquid crystalline polymer chains are very stiff and of rigid-rod nature. The enthalpy of mixing a rigid-rod polymer with a flexible-chain polymer was mostly positive. The small increase in entropy due to the mixing in these two polymers was not able to compensate for the enthalpy effect. The free energy of mixing is therefore mostly positive. In other words, the miscibility of TLCPs and flexible-chain polymers is not favorable in thermodynamics. Phase separation of TLCP blends occurred where high-stress and -temperature conditions were encountered. 6, 7 Therefore, the miscibility of TLCP blends is a major obstacle in their applications. Introducing some kind of interaction between TLCPs and a flexible-coil polymer is necessary to improve the miscibility of the two polymers. In this respect, some TLCPs contained unique chemical structures that resulted in reaction with flexible chain polymers. A case in point is the most studied thermotropic copolyesters of oxybenzoate and ethylene terephthalate (POB-PET). 8 A well-known feature for polyesters is that it can have alcoholysis by a hydroxyl end group, acidolysis by an acid end group, and midchain ester-ester interchange (transesterification) with other polymers at high temperatures 9, 10 (generally above 200°C ). For high molecular weight polymers, the probability of having transesterification is much higher than that of alcoholysis or acidolysis because of low end group concentrations. Hence, transesterification usually dominated the reaction process in relatively high molecular weight polyesters. Both the solution and melt blends of POB-PET copolyester with poly(butylene terephthalate) (PBT), polycarbonate (PC), and poly(hexamethylene terephthalate) (PHMT) have been studied with differential scanning calorimetry by various research groups. [11] [12] [13] They have reported that the miscibility of blends of PC/PET, PBT/POB-PET, PC/POB-PET, and PC/poly(p-oxybenzoate-co-p-phenylene isophthalate) was found to increase with transesterification. 11, 12, [14] [15] [16] As transesterification in blends continues, new amorphous compatible blends will form. This brings about the fact that the liquid crystalline character in blends is lost, and the purpose of using TLCP blends is destroyed. We are therefore motivated to study the process of transesterification in TLCP blends. We would like to know if there is a point during transesterification where the miscibility of the blends increased while maintaining the liquid crystalline character. Specifically, since two kinds of esters existed in the PET and POB segments of POB-PET copolymers, we wondered if ester-ester interchange takes place randomly or in a preferential manner. Since transesterification between PC and PET has been well studied, we chose a TLCP copolymer of high molar ratio of PET to POB (60/40) for this study. This POB-PET (40/60) copolymer is termed P46. For a theoretical analysis of transesterification in threecomponent copolycondensates, Yamadera 17 studied the average sequence length and the degree of randomness in blends of poly(ethylene terephthalate) (PET) and poly(ethylene sebacate) (PES). For four-component copolycondensates, Devaux 18 investigated the sequence length and the randomness in blends of Bisphenol A polycarbonate and poly(butylene terephthalate). Additionally, Kollodge 19 studied both alcoholysis and transesterification on the phase behavior of blends of PC and lower molecular weight poly(2-ethyl-2-methylpropylene terephthalate) (PEMPT). In this P46/PC blend case, we did a theoretical diad analysis of transesterification of five-component copolycondensates. In order to pinpoint the chemical structure changes during transesterification in the P46/PC blend, a model compound study of blends of PC/hydroxybenzoic acid (HBA) and PC/terephthalic acid (TA) at a weight ratio of 80 to 20 has been carried out. This model compound study is similar to that for blends of polyarylate and poly(butylene terephthalate) by previous workers. 20 
Experimental Section
The copolymer of POB-PET at mole ratio 40/60 (P46) was synthesized in our Laboratory following the method by Kuhfuss 21 and was termed P46 in this study. Polycarbonate was purchased from General Electric Co. The trade name of PC is Lexan 121, and its molecular weight is Mw) 158 900. The intrinsic viscosity of P46 and PC were 0.53 and 1.15 dL/g, respectively, when they were prepared in mixed solvent of phenol and tetrachloroethane (50/50 by weight). The solution blending of PC and P46 was carried out by dissolving both polymers in 25 mL of a mixed solvent of phenol and tetrachloroethane (50/50). The concentration of the solution containing PC and P46 is 2% by weight. The weight ratio of PC to P46 in the solution was 40/60. The solution was stirred and heated to 70°C. After the polymers were completely dissolved and became a one-phase solution for 0.5 h, the solutions were precipitated in a 10-fold volume of methanol. The blends were then washed five times, each time with 200 mL methanol. The blends were then dried in a vacuum oven at 100°C for 4 days. The thermal gravimetric analysis of the dried blends showed no appreciable weight loss up to 350°C, indicating a complete removal of the solvent. The 60/40 P46/PC blends were put into a high-temperature vacuum tube at 260°C and were annealed for different times. The thermal analysis of the blends was carried out with a DuPont 2910 differential scanning calorimetry (DSC). The samples were heated from 30 to 260°C, at a heating rate of 20°C/min. Then, the samples were cooled quickly to 170°C and annealed for 10 min. Subsequently, the samples were quenched to 25°C. The samples were heated again from 25 to 260°C at the same heating rate. The DSC curves of the samples were taken during the second heating. The midpoint of the glass transition was taken as the glass transition temperature (Tg). Without annealing, the DSC curves of the blends did not exhibit separate crystallization (by P46) and glass transition (by PC). Annealing at 170°C for 10 min avoided the problem by allowing the samples to crystallize. Melt-blending of PC/ HBA and PC/TA at a weight ratio of 80/20 was performed in a Brabender mixer at 220 and 300°C for 30 min, respectively. HBA can be dissolved in trifluoroacetic acid, while TA cannot. Both PC/HBA and PC/TA reacted blends were dissolved in trifluoroacetic acid and then were filtered with a filter of 0.45 µm in pore size. The soluble fractions of these solutions were analyzed with nuclear magnetic resonance (NMR).
For nuclear magnetic resonance (NMR) analysis of the 60/ 40 P46/PC blends, 10% solutions were prepared by dissolving the polymers completely in a mixed solvent of deuterated trifluoroacetic acid and deuterated chloroform, 15/85 by weight. The NMR spectra were obtained on a Bruker DMX-600 spectrometer. Two-dimensional NMR heteronuclear multiple bond correlation (HMBC) spectra for the blends' solutions were obtained.
Diad Statistical Analysis
Similar to the analysis in PES/PET by Yamadera 17 and in PC/PBT by Devaux, 18 we divided P46 and PC into five components. Monomer units of different chemical structure but of the same functionality were represented by A i , i ) 1, 2 (or B j , j ) 1, 2). We used the notations (AB) 1 
or or The probability of finding an A i group followed by a B j unit, PA i B j, would be P AiBj * P BjAi (i * j) (except an equimolar blend)
From the above equation we obtained the following relation:
The integrals under the resonance peak of 13 C NMR spectra of 60/40 P46/PC are proportional to the copolycondensate diad probabilities.
Results and Discussion
The DSC curves and chemical structure of P46 and PC are shown in Figure 1 . The glass transition temperatures (T g 's) of PC and P46 are 147.5 and 59.9°C, respectively. The crystallization temperature (T c ) for P46 and is 98.7°C. The broad endothermic peak is the melting point of crystalline PET. In this study, the T g of P46 belonged to the PET-rich phase, as cited in the literature. 22 For the 60/40 P46/PC blends, the low T g belonged to P46 and the high T g was due to PC, as illustrated in Figure 2 . In Figure 2 , only the portion of the DSC curve containing glass transition temperatures of P46 and PC was displayed. The two T g 's were separated by 56 deg after the blend was annealed at 
260°C for 15 min. As the annealing time increases, the two T g 's converged on each other. There was only one T g appearing at 109.5°C after 60 min of annealing at 260°C. Near the single T g , there appears to remain some small structure at 90-100°C that was possibly due to the residual crystallization of traces of PET microdomain in P46 after allowing the blend to crystallize at 170°C for 10 min, as described in the Experimental Section, whereas the small structure at 120-130°C is likely due to traces of PC microdomain since the onset point of the PC glass transition is 125°C (see Figure 1 ). Despite these two small structures, the single T g behavior exhibited by the blend indicated an almost complete miscibility between P46 and PC. This miscibility result is similar to the homogenization results in the PET/PC blend obtained with solid state NMR. 15 In a parallel measurement, the intrinsic viscosity of the 60/40 P46/PC blends decreased with increasing annealing time at 260°C, as illustrated in Figure 3 . After 60 min of annealing, the intrinsic viscosity of the blend dropped to almost half its original value. The reduction of the intrinsic viscosity of the annealed blend was apparently caused by a reaction between the polymers. The reaction possibilities included partial hydrolysis 10 of the copolyester P46, decarboxylation in PC, 23 and ester-ester interchange 12 in P46 and PC. Since the annealing of the blend was carried out in a vacuum tube at 260°C under 10 -1 Torr, the possibility of hydrolysis of P46 was reduced to a minimum. The decarboxylation resulting from acidolyis of PC by the end group of P46 existed but was not a dominant factor because the concentration of the end group of P46 was not particularly high. It seemed that the ester-ester interchange between the two polymers only averaged the molecular sizes. In fact, the transesterification would also cause P46 to lose its rigid rod nature, and therefore reduced its intrinsic viscosity (IV) dependency on molecular weight. This is clarified by the Mark-Kuhn-Houwink-Sakurada equation IV ) KM R , where K is a constant and M is the molecular weight. For flexiblechain polymers the R value is between 0.5 and 1, and the R value may exceed unity in the case of rigid-rod polymers. 24 Hence, the crucial reduction in the intrinsic viscosity of the annealed blend most likely came from some decarboxylation and transesterification. From the single T g and a large decrease in intrinsic viscosity, one deduced that the ester exchange reaction had taken place between P46 and PC. The actual confirmation of the chemical structure change in these polymers resulting from ester exchange has been carried out with NMR analysis. In the model compound study, the aromatic regions of the 13 Figure 4a -c, respectively. The NMR spectrum of HBA in Figure 4a was used for comparison later. The two resultant peaks from diad Bisphenol A-oxybenzoate (A 2 (AB) 1 ) were identified as 3* and 5*, as indicated in Figure 4b , and their 13 C chemical shifts were 148.47 and 121.30 ppm, respectively, whereas for the TA/PC case, the 13 C chemical shifts for the new resultant peaks were 148.46 ppm (3**) and 120.88 ppm (5**), as shown in Figure 4c . This indicated formation of Bisphenol A-terephthalate (A 2 B 1 ). The detailed chemical shifts in the NMR spectra of these model compounds are listed in Table 2 . Probably due to the fact that the concentration of oxybenzoate is low, the peaks in the ester region of the 13 C NMR spectra were much weaker than can be observed. The structure change caused by the transesterification in the ester region of the blend was directly analyzed with twodimensional 1 H-13 C HMBC NMR spectra. Since the most change occurred in the aromatic and ester region of the P46/PC blend, we focused on these two regions of the NMR spectra. Before going on to the blends, we analyzed P46. The 1 H NMR spectrum of synthesized P46 is shown in Figure 5a . The fraction of the POB-POB peak area in both the POB-POB and PET-PET peak area is 0.269, as displayed in Figure 5b . On the basis of a probability calculation, 25 a fully random copolymer of P46 should have a value of 0.25. Therefore, P46 is very close to a random copolymer. The partial aromatic and carbonyl regions of the 1 H-13 C NMR spectra of the 60/40 P46/PC blend are shown in Figure 6 . In Figure 6a , the resonance peaks of the freshly prepared 60/40 P46/PC blend indicated that the blend is a mechanical mixing of two polymers. When the 60/40 P46/PC blend was annealed at 260°C for 30 min, a small new peak appeared at 8.3-166 ppm in the 1 H-13 C spectra of the blend, as presented in Figure 6b . Then, two full new cross peaks located at 8.3-166 ppm and 8.37-166 ppm showed up in the NMR spectra of the blend after 60 min of annealing, as shown in Figure  6c . From reading the relative position of 1 H to 13 C, we knew it was the aromatic H c in the POB segment attached to the carbonyl C e in the POB segment. Hence, we deduced that these new peaks in the ester region were caused by the new structure A 2 (AB) 1 or Bisphenol A attached to oxybenzoate. To quantify the chemical structures corresponding to these resonance peaks, a one-dimensional 13 C NMR spectral analysis of the annealed blends was carried out and presented in Figure 7 . After the blend was annealed for 15 min, there were two new peaks 3** and 5** appearing at 120.9 and 148.38 ppm, respectively as shown in Figure  7a . These two new peaks represented the structure Bisphenol A-terephthalate (A 2 B 1 ), judging from the model compound study. When the annealing time increased to 30 min, an additional new peak e* showed up at 165.9 ppm and was identified as Bisphenol A-oxybenzoate (A 2 (AB) 1 ), as shown in Figure 7b . Although the new peaks 3 * and 5* in the aromatic region of the NMR spectra of the blend appeared after 45 min of annealing, we still recognized the e* peak as the first appearing evidence of Bisphenol A-oxybenzoate. Figure 7 and substituting them into eqs 13-16, the transient mole fraction of diads in the 60/40 P46/PC blend is obtained and presented in Figure 8 . In Figure  8, behavior (a single glass transition temperature) in the annealed 60/40 P46/PC blend obtained by the DSC measurement.
Conclusion
From the diad analysis and the NMR results, we concluded that ester-ester interchange in the blends of random liquid crystalline copolyester P46 and polycarbonate took place within 15 min when the blend was annealed at 260°C under vacuum. In the annealed blend, the Bisphenol A unit in polycarbonate reacted first with the terephthalate unit and then with the oxybenzoate unit in copoly(oxybenzoate-p-terephthalate). As the reaction in the blend continued for about 1 h, the production of diad Bisphenol A-oxybenzoate sped up and exceeded that of diad Bisphenol A-terephthalate. This caused a large loss (57%) of diad oxybenzoate-oxybenzoate and led to the disappearance of the liquid crystalline phase in the annealed blend. In sharp contrast to the originally immiscible blend of PC and P46 (two distinctive glass transition temperatures), the large loss in the liquid crystalline diad resulted in complete miscibility (a single glass transition temperature) in the annealed blend, as evidenced by the differential scanning calorimetry measurement.
